Aging is associated with deterioration in brain anatomy and cognitive functions, which affects older adults\' life expectancy and well-being[@b1]. Despite the inevitable age-related decline, the aging brain maintains plasticity, which is the capacity to modify the structure or function of the nervous system in response to environmental stimulation, impairment, or dysfunction[@b2]. Accumulating evidence has shown that older adults benefit from cognitive and physical interventions[@b3][@b4], but the mechanism underlying brain plasticity is not yet clear.

A growing body of imaging studies has shown that cognitive training and exercise may alter the aging brain by inducing changes in brain structure and task-related activation. Memory training may induce changes in cortical thickness[@b5] and activation during memory retrieval[@b6]. Specifically, memory strategy training resulted in increased activation in regions critical for strategy implementation after training[@b6]. Executive function training may induce changes in task-related activity or brain networks related to attentional control and working memory[@b7]. Exercise-related brain alterations include structural changes in the temporal and prefrontal lobes[@b8] and increased task-related activation in the prefrontal cortex[@b9].

Recent resting-state fMRI studies have demonstrated that cognitive and physical training also changed resting-state functional connectivity[@b10]. Functional connectivity reflects the temporal coherence of intrinsic brain activity obtained in different brain regions. Intrinsic brain activity is detected as low-frequency fluctuations (LFF) in blood-oxygenation level-dependent (BOLD) signals[@b11]. Functional connectivity analysis emphasizes the inter-regional integration of neural networks. While most training studies have primarily focused on connectivity, it is unknown how training would affect another aspect of neural activity, regional specialization. The amplitude of LFF (ALFF) can be used as an index reflecting regional intensity of resting state activity[@b12]. Recent evidence revealed the important meaning of ALFF in both clinical and healthy populations. Abnormal ALFFs are considered as potential biomarkers used for diagnosis and treatment evaluation of neuropsychiatric disorders[@b13], including attention deficit hyperactivity disorder, major depression, and schizophrenia[@b12][@b14]. In healthy adults, ALFF is associated with task-evoked brain activation[@b15] and behavioral task performance[@b16]. ALFF has recently been used as a sensitive and reliable measure of regional intensity in aging studies.

Generally, the global strength of LFF decreases as age increases over the lifespan[@b17]. Older adults showed lower ALFF in the visual cortex during a visual task[@b18]. Negative correlations between aging and fractional ALFF (fALFF) were observed in the anterior and posterior cingulate cortex, supplementary motor area, dorsolateral prefrontal cortex, and inferior parietal lobule during cognitive tasks[@b19]. Changes in ALFF have also been associated with pathological aging, such as Alzheimer\'s disease (AD) and mild cognitive impairment (MCI). Older adults with MCI show reduced ALFF/fALFF in the cingulate cortex, prefrontal, and some parietal regions, and increased ALFF/fALFF in the superior temporal gyrus[@b20]. In another study[@b21], widespread ALFF differences was reported in the frontal, temporal, and parietal cortices among patients with AD and MCI compared to normal controls, and correlations between changes in ALFF and cognitive performance.

While ALFF is likely to be a significant indicator of brain function in older adults, we are not aware of any previous study using ALFF as a measure to evaluate brain plasticity. In this study, we examined the functional plasticity of ALFF in older adults after a multimodal training. Multimodal interventions are promising for older adults[@b22][@b23]. The multimodal approach features a combination of different modes of intervention, such as cognitive training/stimulation, physical exercise, lifestyle intervention, and stress reduction.

We designed a multimodal intervention to promote both cognitive and emotional health in healthy community-dwelling older adults. This six-week intervention combined cognitive and physical training with reminiscence group counseling, with the aim of enhancing cognitive function and well-being in the elderly individuals. We found that the multimodal intervention enhanced the functional connectivity between the prefrontal cortex and medial temporal lobe in a preceding study[@b24]. While we have found intervention-induced changes in inter-regional resting-state connectivity, how the intervention affects intra-regional spontaneous activity is still unknown. In the present study, we were especially interested in the plasticity of spontaneous brain activity, which has been indexed by ALFF in older adults. To examine the effects of multimodal intervention on spontaneous brain activity, we first performed a whole-brain voxel-wise analysis to identify the brain regions with significant intervention-related changes in resting-state ALFF. We then correlated the ALFF changes in these regions with changes in performance on behavioral tests to investigate whether the plasticity of spontaneous brain activity could predict changes in behavioral performance. Moreover, since previous studies demonstrated that pre-training individual differences had an impact on the outcome of a cognitive training task[@b25][@b26], we also examined the relationship between individual differences in baseline spontaneous activity and intervention-induced changes in behavioral performance.

In summary, we examined the effects of a multimodal intervention on spontaneous brain activity in older adults using resting-state functional magnetic resonance imaging (fMRI) with the aim of evaluating the effects of this intervention in a sample of healthy older adults. We hypothesized that (1) the multimodal intervention would change the spontaneous brain activity in the intervention group; (2) intervention-induced changes in behavioral performance would be predicted by post-minus-pre changes in spontaneous activity; and (3) intervention-induced changes in behavioral performance would correlate with baseline spontaneous activity.

Results
=======

Behavioral data of the multimodal intervention
----------------------------------------------

The participants and procedures in present study have been reported in a previous study[@b24]. Analysis of the intervention effects revealed significant group × intervention interactions in the ALT difficult-condition ([Fig. 1A](#f1){ref-type="fig"}, *F*~1,\ 31~ = 4.53, *p* = .041), and social support ([Fig. 1B](#f1){ref-type="fig"}, *F*~1,\ 31~ = 5.25, *p* = .029). In addition, there was a trend toward group × intervention interactions on the TMT ([Fig. 1C](#f1){ref-type="fig"}, *F*~1,\ 31~ = 3.44, *p* = .073), and SWLS ([Fig. 1D](#f1){ref-type="fig"}, *F*~1,\ 31~ = 3.46, *p* = .072). Further analysis revealed that performance on the TMT and SWLS did not change for the intervention group (*F*~1,\ 32~ = .33, *p* = .570; *F*~1,\ 32~ = .05, *p* = .831), but decreased for the control group (*F*~1,\ 32~ = 7.95, *p* = .008; *F*~1,\ 32~ = 5.84, *p* = .022). Results suggested that multimodal intervention could improve or maintain cognitive ability, social support, and subjective well-being among older adults. See Li, et al.[@b24] for a detailed description of interventional-related performance changes.

Intervention-related ALFF changes
---------------------------------

The whole-brain voxel-wise ANOVA identified three regions with significant group × intervention interactions (AlphaSim correction, *p* \< .01) ([Fig. 2](#f2){ref-type="fig"}), including the right middle frontal gyrus (MFG; peak MNI coordinate: 27, 33, -3; 28 voxels), left superior frontal gyrus (SFG; peak MNI coordinate: -12, 3, 66; 44 voxels), and left anterior cerebellum lobe (ACL; peak MNI coordinate: -21, -45, -33; 28 voxels). Paired *t*-tests on mean ALFF in each of these three regions (ROIs) revealed that the multimodal intervention significantly increased the ALFF in right MFG (*p* = .0248), left SFG (*p* \< .0001), and left ACL (*p* = .0020). In contrast, the mean ALFF in all three ROIs was significantly reduced in the control group (*p* \< .05). The results suggested that there were spontaneous brain activity improvements in the intervention group compared with the control group.

Correlations between intervention-related changes in spontaneous brain activity and behavioral performance
----------------------------------------------------------------------------------------------------------

Correlation analyses were performed to examine whether the intervention-induced changes in spontaneous brain activity were associated with changes in neuropsychological test performance ([Fig. 3](#f3){ref-type="fig"}). We assessed relationships between brain and behavioral change using partial correlations with age and baseline behavioral performance as covariates. Intervention-induced ALFF changes in the right MFG was significantly correlated with changes in the TMT (*r* = .57, *p* \<.05, uncorrected) and SWLS (*r* = .55, *p* \<.05, uncorrected). Increased ALFF in the left ACL was significantly correlated with changes in social support (*r* = .55, *p* \<.05, uncorrected). However, after Bonferroni correction, the correlations between ALFF changes and changes in TMT, SWLS and social support were only marginally significant (ps \<.1).

Individual differences in baseline spontaneous brain activity correlated with intervention-related changes in behavioral performance
------------------------------------------------------------------------------------------------------------------------------------

We assessed relationships between baseline ALFF and behavioral change using partial correlations with age and baseline behavioral performance as covariates. The baseline ALFF in the right MFG was significantly correlated with changes in the TMT (*r* = -.66, *p* \< .05, Bonferroni corrected) and SWLS (*r* = -.70, *p* \< .05, Bonferroni corrected); predicting that individuals with lower ALFF in the right MFG would benefit more from the multimodal intervention ([Fig. 4](#f4){ref-type="fig"}). To further confirm this result, we conducted a partial correlation analysis between the baseline ALFF and intervention-related ALFF changes in the right MFG with age as the covariate. We found that the baseline ALFF was also negatively correlated with ALFF changes in the right MFG (*r* = - .69, *p* \< .05, Bonferroni corrected).

Discussion
==========

In the present study, we found significant intervention effects on cognitive ability and social support. More importantly, we detected intervention-induced increases in spontaneous activation in regions of the right MFG, left SFG, and left ACL. The results demonstrated the neuroplasticity of the aging brain in response to six weeks of multimodal intervention.

Effects of multimodal intervention on cognitive function and social support
---------------------------------------------------------------------------

The results confirmed our hypotheses; older adults in the intervention group had significant improvements in cognitive and emotional health. Cognitive training and physical exercise have previously yielded improvements in executive function[@b27], verbal learning, and episodic memory[@b28] in healthy older adults. Even though aerobic exercise has strong beneficial effects on brain trophism and cognition by itself, the addition of cognitive stimuli can further enhance these beneficial effects[@b29]. Increased engagement seemed to improve the emotional well-being of participants in the intervention group. The group counseling in our intervention program emphasized the process of reviewing and interpreting positive experiences in the past and finding the sense of self and the meaning of life; that might be the main reason behind the improvement of subjective well-being[@b30]. Counseling also encouraged interpersonal communication and friendship development, which might be part of the reason why the level of social support increased. In addition, the completion of the difficult cognitive and physical tasks might enhance self-esteem and inspire spiritual insight, leading to improvement in psychological well-being and social support.

Intervention induced greater spontaneous brain activity
-------------------------------------------------------

The main finding of the current study is that the multimodal intervention resulted in greater spontaneous brain activity, which is consistent with previous studies showing that training can change resting-state brain activity or connectivity[@b10]. Research suggests that resting-state activity may assist the engagement of brain networks involved in specific tasks[@b11][@b28]. There is evidence that resting-state ALFF is a predictor of task-evoked neural activity[@b15] and behavioral performance[@b16], and a marker of mild cognitive impairment[@b20]. In our study, older adults in the intervention group showed increased ALFF in frontal and cerebellar areas, and we believe these alterations can be interpreted as intervention-induced regional neural modifications, echoing the improvements in cognitive ability and social support in the intervention group.

The intervention and control groups showed different patterns of ALFF change in the frontal cortex and anterior cerebellum. The diminished spontaneous activity in the control group might be due to a simple test-retest effect, consistent with previous research suggesting that repeating a task without training reduces brain activation[@b31]. Another interpretation might be that the decreased ALFF in the control group was a result of the aging process, for lifespan data have showed that ALFF for the overall brain decreases as age increases[@b17]. However, aging is a possible but much less likely explanation because six-week is rather a short period to cause significant decreases.

Intervention-induced neuroplasticity in frontal gyrus
-----------------------------------------------------

In contrast to the control group, the intervention group showed increased spontaneous activation in regions of the right MFG and left SFG. The frontal region is one of the areas most vulnerable to aging and shows age-related structural deterioration[@b31]. Spontaneous brain activity in prefrontal regions has been negatively correlated with age[@b19] and was reduced in older adults with mild cognitive impairments[@b20].

The MFG plays an important role in episodic retrieval for older adults[@b32][@b33]. Specifically, the under-recruitment of the right MFG is associated with age-related declines in episodic retrieval of spatial and temporal contexts[@b33]. The method of loci, one of the mnemonics taught during the intervention, emphasizes spatial and temporal context retrieval---participants learned to memorize and recollect wordlists according to "loci," a series of sequential locations (in the present intervention, the loci were the shops and buildings on a street near the participant\'s residence). Increased ALFF in the MFG might reflect changes in neural activity associated with more elaborate memory retrieval in the intervention group.

The SFG is thought to contribute to higher cognitive functions, in particular to working memory and executive processing[@b34]. A resting-state fMRI study found that ALFF in the right precuneus and the medial part of left SFG was significantly correlated with individual differences in executive control, suggesting that the left SFG played an important role in executive control processing[@b35]. Working memory task-evoked brain activation could be predicted by resting-state ALFF[@b36]. Resting-state ALFF in the SFG was negatively correlated with task deactivation, while resting-state ALFF in the MFG was positively associated with task activation. Together, increased ALFF in the MFG and SFG may indicate altered neural activity associated with episodic memory and working memory. This is consistent with our behavioral results that showed improved performance on associative memory and executive function tasks in the intervention group.

We conducted a correlation analysis to further examine the relationship between intervention-related changes in spontaneous brain activity and behavioral performance, and results showed that intervention-related ALFF changes in the right MFG were significantly correlated with changes in TMT and SWLS scores. The result again confirmed the effectiveness of the multimodal intervention regimen and suggested that individual differences in brain plasticity could predict the intervention-related behavioral improvements.

Intervention-induced improvements in executive function and satisfaction with life correlated with brain plasticity in the right MFG. Converging literature in cognitive neuroscience has identified the important role of the dorsolateral prefrontal cortex (DLPFC) in executive control[@b37]. The right MFG of DLPFC, for instance, has been associated with response inhibition in the go/no-go task[@b38], as well as inhibition of imitative behavior[@b39]. Richeson et al. investigated whether individual differences in racial bias among white participants predicted the recruitment of executive attentional resources during contact with black individuals[@b37]. They found that racial bias predicted activity in the right DLPFC (including MFG) in response to black faces, and activity in this region predicted performance on Stroop test after an actual interracial interaction, and it significantly mediated the relation between racial bias and executive function performance. The results indicated that brain activity in the right MFG might also be associated with social behavior.

Satisfaction with life can be considered a positive emotion. Relative to healthy comparison subjects, depressed patients have attenuated activation in the right middle frontal gyrus, a region linked to depressive state-dependent modulation[@b40]. We speculate that our intervention led to increased activity in the right MFG, which then improved the modulation of depressive states, and increased feelings of subjective well-being. An fMRI study demonstrated that social interaction was associated with differential neural activity in the ventromedial prefrontal cortex, including the left cerebellar hemisphere and middle frontal gyrus[@b41], which suggested an association between social behavior and frontal brain regions. In a similar vein, Decety and Sommerville contended that right prefrontal cortex activation could be part of a shared representation network that plays a special role in interpersonal awareness[@b42]. It is likely that this network is responsible for frontal area involvement in interpersonal awareness and communicative functions, which might then influence perceived social support. However, there is no direct evidence for this conjecture, and future studies are needed to show the existence of this possible loop.

We identified a significant negative association between baseline ALFF in the right MFG with changes in the ALFF and performance in the executive function task and SWLS. These results suggested that individuals with lower spontaneous brain activities might show greater improvement in a multimodal intervention. In addition, individual differences may play a critical role in the arrangement of an intervention regimen. Growing evidence suggests that variability in brain activation is an important indicator of brain function and cognitive performance; however, very little is known about whether ALFF is a reliable indicator of brain function and cognitive performance.

The present study suggested potential neuromarkers of intervention-induced plasticity, which need further testing. In future intervention studies, researchers should take baseline individual differences into account, including participants\' brain and cognitive functions, which could help us understand how an individual would benefit from an intervention regimen. Given the importance of these individual differences, our findings support the suggestions that "one-size-fits-all" intervention regimens maybe inappropriate, and an intervention program that caters to individual differences may improve the effect of the intervention[@b26].

A notable difference between our study and former studies is that we investigated neural plasticity from the point of functional segregation or regional specialization as indicated by ALFF. Hierarchical organization of neural activity is theorized to function in accordance with two key strategies: segregation and integration[@b43]. Recent resting-state fMRI studies are largely composed of functional connectivity analyses, which examine the interregional temporal correlation between predefined seed regions and related functional regions. Previous training studies were prone to use functional connectivity methods[@b10][@b24][@b44], which particularly emphasized the global integration of neural networks by means of indicators reflecting interregional co-fluctuations, to examine brain plasticity. The development of available analytical tools for resting-state fMRI data primarily examines integration-related connectivity measures. In our previous work[@b24], we also used the functional connectivity method to investigate brain plasticity in older adults using the same intervention regimen as in the present study and found that individual changes in executive function and subjective well-being were significantly correlated with functional connectivity in the MFG after the intervention. Taken together with the present results, individuals with greater intervention-related improvements in TMT and SWLS achieved higher levels of functional connectivity[@b24] and greater ALFF increases in the MFG. These consistent results indicated that ALFF, which represented functional segregation, is also a reliable indicator of brain plasticity.

However, functional segregation, the other aspect of the brain\'s functional integrity, has long been neglected by researchers. This methodological void is a consequence of challenges to reliably quantify intrinsic brain activity in the absence of exogenous stimuli[@b13]. LFF in resting-state fMRI encode physiologically meaningful indicators of intrinsic brain function in the absence of explicit input[@b13], while the ALFF is seen as particularly reflecting the intensity of spontaneous neural activity at rest. ALFF has been used as a reliable and sensitive measure in the study of individuals with attention-deficit/hyperactivity disorder, schizophrenia, post-traumatic stress disorder, and major depressive disorder[@b12][@b14][@b45]. The introduction of ALFF provides a novel method to bridge gaps in our understanding of the brain\'s resting state by measuring the intervention-related alternation in amplitude of intra-regional brain activity at rest. Hence, ALFF analysis extends and enriches the current understanding of brain plasticity, which primarily stems from connectivity analyses that examine global functional integration within the brain. In addition, the consistent results of previous functional connectivity analyses[@b24] and present ALFF analyses further strengthen the reliability and validity of ALFF as an indicator of brain plasticity induced by intervention. In addition, these results indicated that analyses that combined these two methods might be more reliable in the assessment of the results of an intervention regimen directed at improving brain plasticity.

Intervention-induced neuroplasticity in ACL
-------------------------------------------

In addition, the intervention group showed increased spontaneous activation in regions of the left ACL compared with the control group. The cerebellar lobe is linked to working memory[@b46][@b47]. ALFF was enhanced in the left ACL, indicating enhancement of neuronal activity at rest, which may be interpreted as recruitment of additional neural resources to compensate for the loss of cognitive function in other brain areas. However, the details of the compensation mechanism require further research. Intervention-related ALFF changes in the left ACL were significantly correlated with intervention-related increases in the level of social support. This suggests that the cerebellum might play an important role in the social behavior of healthy older adults. A study that investigated cerebellar pathology in children supports the role of the cerebellum as a modulator of mental and social functions[@b48]. However, there is little research investigating the association between cerebellum activity and social behavior in healthy older adults; therefore, strong evidence is still lacking.

Limitations and future directions
---------------------------------

ALFF is regarded as reflecting the intensity of spontaneous neural activity at rest, and it has been used as a reliable and sensitive measure in the study of individuals with attention-deficit/hyperactivity disorder, schizophrenia, post-traumatic stress disorder, and major depressive disorder[@b12][@b14][@b45]. Our research extends the use of this method to examine brain plasticity in healthy older adults. Based on these and our previous work, we suggest that combining the functional connectivity analysis with the ALFF analysis might be more reliable in assessing the effectiveness of an intervention program in improving brain functions.

However, several limitations should be acknowledged. First, although the multimodal intervention led to benefits in cognitive functions, emotional health, and spontaneous brain activity, the mechanism underlying the effects of the intervention is far from clear. Due to the multimodal versus control comparison, we cannot clarify the contribution of each intervention component or the possible interactions between them in the present study. There have been three studies which compared the effects of multimodal intervention with those of single interventions. Fabre et al.[@b49] compared the effects of combined aerobic and memory training, single aerobic training, and single memory training to the control group in 32 older adults. All three trained groups showed significant improvements in memory task performances, but the combined training group demonstrated greater post-minus-pre improvement on memory quotient relative to two single training groups. Oswald et al.[@b50] compared the five-year effects of physical training, cognitive training and combined physical and cognitive training in a large sample of 375 older adults. The magnitude of long-term training effects on cognitive outcomes was greatest in the combined group and only this group showed fewer depressive symptoms over five years. Although these two studies supported the superiority of multimodal intervention, a recent study found the effects of combined training were equivalent to single cognitive training[@b51]. In this study, older adults were allocated to a computer-based cognitive training group, a mild aerobic training group, a combined cognitive and aerobic training group or a control group. Both single cognitive group and combined group had improvements in a range of cognitive tests, while single aerobic group showed no such improvement.

Second, individual participants were not randomly assigned to the intervention or control group. Although we found no significant group difference in the baseline characteristics, we still could not rule out systematic differences between the two groups. However, if we had allocated participants from the same community to the intervention and control groups, some participants would probably know the other group\'s intervention contents through daily interactions, and potentially guess the study\'s design and purpose. Thus, to control for expectancy effect, we recruited these two groups from two similar communities, respectively, and all participants were blind to the study design. Third, although we adopted an active control, the two groups were not matched in intervention frequency and duration. The improved behavioral performance and enhanced spontaneous brain activities in the intervention group might be due in part to increased intervention frequency or duration. Although we cannot rule out this possibility, we still believe that the positive effects at least partially result from the intervention program. The intervention group had improved scores on the ALT and TMT, which are related to the memory and executive function components in the cognitive training. In view of these potential confounding factors, the design of future intervention studies should be more rigorous and include matched intervention frequency and duration for the intervention and control groups. Fourth, correlations between intervention-induced ALFF changes and behavioral changes were only marginally significant after Bonferroni correction. This lack of significance may due to small sample size. To further clarify the relationship between plasticity in spontaneous brain activity and cognition, larger samples would be needed to improve the statistical power and to verify the correlations found in the current study. Fifth, task-evoked spontaneous brain activity was not measured in the present study, so we cannot clarify how resting-state ALFF contributes to activation during task processing or compare resting-state and task-evoked brain activity, and finally, the present study did not investigate the long-term effects of intervention. Future studies should determine whether and to what extent performance gains and increases in spontaneous neuronal activity are maintained over time, which would provide evidence that the training produces consistent brain changes.

Methods
=======

Research Design
---------------

This study was an active controlled and double blind intervention trial, and it is part of our project "Multimodal Intervention for Community-dwelling Older Adults," registered in the Chinese Clinical Trial Registry (ChiCTR-PNRC-13003813). The protocol of this study was approved by the Ethics Committee of the Institute of Psychology, Chinese Academy of Sciences, and all of the participants provided written informed consent according to institutional guidelines.

Participants
------------

The sample and procedures were the same as previous published study[@b24]. Forty-five healthy, community-dwelling older adults (multimodal intervention group: n = 26; control group: n = 19) from two communities near the Institute of Psychology, Chinese Academy of Sciences in Beijing were recruited through advertisements posted in the community service stations. After baseline evaluations, participants from one community were allocated to the multimodal intervention group and participants from the other community were treated as the control group. This allocation was made to keep participants blind to the study design.

The inclusion criteria were (1) age ≥ 60 years; (2) education ≥ 6 years; (3) a score ≥21 on the Montreal Cognitive Assessment---Beijing Version (MoCA-BJ)[@b52]; (4) a score \<16 on the Center for Epidemiological Survey Depression Scale (CES-D)[@b53]; (5) right-handed; (6) free of neurological deficits or traumatic brain injury; and (7) Activities of Daily Living (ADL)[@b54] score ≤ 15. Data from 34 participants (mean age = 70.12 years, range 61--79) were analyzed, including 17 participants in the intervention group (Mean age ± SD): 68.59 ± 5.65 years; 9 males) and 17 participants in the control group (68.59 ± 5.65 years; 11 males). The intervention and control groups did not differ significantly in gender, age, years of education, or on MoCA, CES-D, and ADL scores. See Li, et al.[@b24] for more details of participant inclusion.

Outcome measures
----------------

A broad range of tests was used to evaluate effects of training on cognitive function, social support, and subjective well-being.

### Cognitive function

\(1\) The MoCA-BJ was used to measure global cognition. (2) Episodic memory was assessed using the Associative Learning Test (ALT)[@b55]. A list of 12 pairs of nouns was presented aurally to participants. Half of the word pairs were semantically associated (e.g., sun--moon; ALT---easy condition), and the other six were unrelated pairs (e.g., teacher--railway; ALT---difficult condition). Immediately after hearing the list, the first noun in each word pair was given as a cue, and participants were asked to recall the second noun. Participants scored 0.5 point for each correct answer in the easy condition and 1 point for each correct answer in the difficult condition. A composite ALT score that ranged from 0--9 was calculated. (3) Working memory ability was measured with the Digit Span Forward and Digit Span Backward tasks[@b56]. (4) Language ability was measured by the Category Fluency Test[@b57]. Performance on this test was measured by the total number of foods and animals named by each participant. (5) Executive function was assessed using the Trail Making Test (TMT)[@b58]. Performance on the TMT was indexed by the value of (time B - time A)/time A. On the TMT, a larger score indicated a poorer performance, while greater values were associated with better performance for all other cognitive function tests.

### Social support and subjective well-being

\(1\) The Social Support Rating Scale (SSRS)[@b59] is a social support assessment tool widely used in China. Total SSRS scores ranged from 12--66; a higher score reflects stronger social support. (2) Subjective well-being was measured by the Satisfaction With Life Scale (SWLS)[@b60] and the Index of Well-Being scale (IWB)[@b61]. The SWLS is a 5-item questionnaire that provides an overall judgment of satisfaction with one\'s life. The SWLS scores range from 5 (extremely dissatisfied) to 35 (highly satisfied). The IWB evaluated participants\' perception of general well-being and life satisfaction. IWB scores ranged from 2.1--14.7 points.

Procedure
---------

Participants completed the battery of assessments individually before and after the intervention. The pre- and post-scanning procedures were administered within a week after the completion of the assessments. Participants in the intervention group received a six-week multimodal intervention that included cognitive intervention, Tai Chi exercise, and group counseling. [Table 1](#t1){ref-type="table"} shows the details of intervention for the intervention group. The control group attended two 120-min lectures on health and aging.

Statistical Analysis of Neuropsychological data
-----------------------------------------------

Baseline characteristics of the intervention and control groups were analyzed using Pearson\'s r, chi-square, *t*, or Mann-Whitney (nonparametric) tests. Repeated measures two-way analyses of variance (ANOVA) were conducted to examine intervention effects, with group (intervention group vs. control group) as the between-subject factor and intervention (pre- vs. post-intervention) as the within-subject factor. All statistical analyses were conducted using SPSS 19.0 (IBM Corporation, Somers, NY).

Image Data acquisition
----------------------

A 3-Tesla Siemens Trio scanner (Erlangen, Germany) equipped for echo planar imaging (EPI) at the Beijing MRI Center for Brain Research was used for image acquisition. The same fMRI protocols were used for both groups of participants within two weeks before and after intervention. During the scan, participants lay supine with their head snugly fixed by a belt and foam pads to minimize head motion, and were instructed to lie quietly, keep their eyes closed, and not to think of anything in particular. For each participant, 200 functional images were obtained using the following parameters: time repetition (TR) = 2000 ms, time echo (TE) = 30 ms, flip angle = 90°, field of view (FOV) = 200 × 200 mm^2^, 33 axial slices, thickness = 3.0 mm, gap = 0.6 mm, acquisition matrix = 64 × 64, and in-plane resolution = 3.125 × 3.125. In addition, a high-resolution, three-dimensional T1-weighted structural image was acquired for each participant with the following parameters: 176 slices, acquisition matrix = 256 × 256, voxel size = 1 × 1 × 1 mm^3^, TR = 1900 ms, TE = 2.2 ms, and flip angle = 9°.

Image processing and analysis
-----------------------------

Resting-state fMRI data analyses were processed using the Statistical Parametric Mapping (SPM8, <http://www.fil.ion.ucl.ac.uk/spm>) and Data Processing Assistant for Resting-State fMRI (DPARSF) V2.0 Basic Edition[@b62]. Preprocessing included slice timing correction, within-subject spatial realignment, between-subject spatial normalization to the Montreal Neurological Institute (MNI) coordinate space with 3 × 3 × 3 mm^3^ re-sampling, spatial smoothing with a 4-mm Gaussian kernel, linear detrending, and temporal band-pass filtering (0.01--0.08 Hz). The 34 participants included in the analysis had head motions less than 2.0 mm in any direction, and less than 2.0° of any angular motion during the resting-state scan[@b12]. Following the process of Zang et al.[@b12], the ALFF value of each voxel was measured as the sum of amplitudes within the low-frequency range. Specifically, the time series was first converted to the frequency domain using fast Fourier transformation (FFT) to obtain the power spectrum for each voxel. Then, the square root of the power spectrum was averaged across the low frequency band (0.01--0.08 Hz), which was taken as the ALFF. For standardization, the ALFF value of each voxel was divided by the global mean ALFF value.

To identify brain regions that underwent intervention-related changes in spontaneous activity, the whole-brain voxel-wise group (control vs. intervention, between-subjects) × intervention (pre vs. post, within-subjects) ANOVA (AlphaSim correction, *p* \< .01) analysis was performed on individual ALFF maps. Age and years of education were included as confounding covariates in the statistical analyses. The regions with significant group × intervention interactions were then defined as regions of interest (ROIs). We calculated the mean ALFF of all voxels within each ROI. Paired sample *t*-tests (*p* \< .05) were then conducted on the mean ALFF to examine the effects of intervention on spontaneous activity in each ROI for the two groups. To examine the correlation of changes in intrinsic brain activity and intervention-induced behavioral improvements, we computed the partial correlations between intervention-related ALFF changes in the ROIs and intervention-related changes in behavioral performance with age and baseline behavioral performance as covariates. The significance level was set at .05 (Bonferroni corrected), but we failed to obtain any significant correlation. Since the exploratory nature of the current analysis, we further compute the correlation analysis at a relatively loose significance level (*p* \< .1, Bonferroni corrected). To test whether behavioral performance changes could be predicted by baseline brain intrinsic activity, we assessed relationships between baseline ALFF and behavioral changes using partial correlations with age and baseline behavioral performance as covariates (*p* \< .05, Bonferroni corrected). For all behavioral tests except TMT, intervention-related performance changes were indexed by post-minus-pre score differences. Because a larger TMT score meant poorer performance, we used pre-minus-post score difference as the index of TMT change, so that greater change scores indicated greater improvements for all behavioral tests.
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![Impact of multimodal intervention on MFG, SFG and ACL.\
(A) Coronal view of brain regions showing significant Group × Intervention interactions (AlphaSim correction, p \< 0.01). (a) right MFG; (b), left SFG; (c), left ACL. The numbers above each image refer to the plane coordinates of MNI. Left in picture is right in the brain. (B) Bar plots show the mean ALFF prior to and after intervention for the intervention and control group.](srep07309-f2){#f2}

![Spontaneous brain activity changes (\[post-intervention- baseline\]/baseline).\
(A) The right MFG was positively associated with intervention-related changes in the TMT, the SWLS, and the social support; (B) The ACL was positively correlated with the changes in the social support.](srep07309-f3){#f3}

![The baseline spontaneous bran activity in the right MFG was negatively correlated with the intervention-related changes in the TMT and the SWLS.](srep07309-f4){#f4}

###### Multimodal program for the intervention group

                                                                                                   Cognitive training                                                                                                     Tai Chi Exercise                                                                                                                                      Group counseling
  ------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Frequency                                                                                       3 sessions per week                                                                                                    3 sessions per week                                                                                                                                   1 session per week
  Duration                                                                                         60 min per session                                                                                                    60 min per session                                                                                                                                    90 min per session
  No. of sessions                                                                                          18                                                                                                                    18                                                                                                                                                    6
  Training contents                       *Mnemonic training*: generation of mental images, associating items (interactive imagery and sentence generation), and loci method.                                      The Yang Style 24-form Tai Chi                   Aimed to promote subjective well-being through reminiscence on three topics: career, family, and heath. Emphasized the process of reviewing and interpreting positive experiences, and finding a sense of self, and the meaning of life.
                       *Executive function training*: three tablet games designed to train three components of executive function (inhibition, switching, and updating) developed for this study.                                                                                                                                                                                       
  Instructor                                                                      Trained instructors with a detailed training manual                                                               An experienced Tai Chi instructor and two teaching assistants                                                                                                      A licensed counseling psychologist

[^1]: These authors contributed equally to this work.
